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Abstract

Globally inhibiting CaM kinase activity
in Drosopbila, using a variety of genetic
techniques, disrupts associative memory yet
leaves visual and chemosensory perception
intact. These studies implicate CaM kinase in
the plastic processes underlying learning
and memory but do not identify the neural
circuitry that specifies the behavior. In this
study, we use the GAL4/UAS binary
expression system to define areas of the
brain that require CaM kinase for
modulation of courtship conditioning. The
CaM kinase-dependent neurons that
determine the response to the mated female
during conditioning and those involved in
formation and expression of memory were
found to be located in distinct areas of the
brain. This supports the idea that courtship
conditioning results in two independent
behavioral modifications: a decrement in
courtship during the conditioning period
and an associative memory of conditioning.
This study has allowed us for the first time
to genetically determine the circuit of
information flow for a memory process in
Drosopbila. The map we have generated
dissects the behavior into multiple
components and will provide tools that
allow both molecular and
electrophysiological access to this circuit.

Introduction

In the courtship-conditioning assay male flies
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are programmed to reduce courtship toward a pre-
viously mated female (Siegel and Hall 1979). Sev-
eral studies have demonstrated that a learned asso-
ciation takes place for the test males in this assay.
The association is based on temporal pairing of the
male’s courtship response to the attractive phero-
mones produced by all females with the aversive
pheromonal cues the mated trainer female pro-
duces as the test male courts (Tompkins et al.
1983; Ackerman and Siegel 1986). Although che-
mosensory cues are required for this association to
take place, other sensory stimuli can affect the
quality of the association (Joiner and Griffith
1997). Sensing of the aversive stimulus has been
localized to the basiconica-like sensilla in the max-
illary palps (Stocker and Gendre 1989). The forma-
tion of memory for this association can be tested
by placing the test male with a virgin female that
emits only the courtship-stimulating pheromone. A
test male with intact memory will display little
courtship toward this female. Test males retain
normal activity levels and will court young male
flies that have attractive pheromone(s) different
from those of fertilized and virgin females (Tomp-
kins et al. 1983; Gailey et al. 1991). Memory of the
association lasts for a few hours after the condi-
tioning period (Siegel and Hall 1979). The experi-
ence-dependent courtship response has been es-
tablished as a reliable assay for evaluating the ef-
fects of learning and memory mutations (Tompkins
1984). Mosaic studies suggest that this association
and male courtship behavior is controlled by neu-
rons in the dorsal posterior part of the brain (Hall
1979; Siegel et al. 1984).

Historically, the circuitry of behaviors medi-
ated by central neurons has been less well defined
in adult Drosophbila than in larger insects in which
electrophysiology has defined connectivity. Ana-
tomical circuits contributing to learning in bees are
understood at the cellular level (Hammer 1997).
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The relative lack of electrophysiological access
to the intact nervous system has made mapping
of behavioral circuits involved in learning and
memory in Drosophbila very difficult. With the ad-
vent of genetic tools for cell-specific expression of
transgenes (Brand and Dormand 1995), these tech-
nical barriers can be overcome. The fly brain is
organized into major structures as defined by
groups of neuropil regions that are encapsulated
by a thin glial lamella (Miller 1950; Hanesch et al.
1989), fibrous pathways, and other poorly delim-
ited glomeruli (Power 1943). These structures
express distinct sets of genes and therefore can
also be defined by molecular means (Prokop and
Technau 1993; Strauss and Heisenberg 1993; Teje-
dor et al. 1995). Subcompartments of the major
structures have been further defined by enhancer-
trap expression patterns (Yang et al. 1995; Han et
al. 1996; Crittenden et al. 1998) and antibody la-
beling (Nighorn et al. 1991; Buchner et al. 1993).

Studies contributing to our understanding of
the anatomical basis of behavior in flies have usu-
ally involved just one neuropil region (Han et al.
1992; Bouhouche et al. 1993; Skoulakis et al. 1993;
de Belle and Heisenberg 1994; Connolly et al.
1996; Davis and Han 1996). Using a constitutively
active Gay,, Connolly et al. (1996) found that the
mushroom bodies but not the fan-shaped body or
the ellipsoid body of the central complex are re-
quired for Gadependent learning. Chemically ab-
lating the mushroom bodies abolishes olfactory-
mediated associative learning (de Belle and Heisen-
berg 1994). A similar ablation study shows that the
mushroom bodies are required for the conditioned
response to immature males (Neckameyer 1998).
Data from structural mutants have also contributed
to the study of the function of neuronal structures.
Mutations disrupting the mushroom bodies or the
ellipsoid body, fan-shaped body, or the protocere-
bral bridge of the central complex have implicated
these individual structures in learning (Heisenberg
1980; Heisenberg et al. 1985; Bouhouche et al.
1993; Bouhouche and Choulli 1994). None of
these studies attempt to define a complete circuit
for a behavior.

Studies on the biochemical basis of behavior in
flies have implicated a large number of individual
molecules and signal transduction pathways (Dub-
nau and Tully 1998). Most of these findings involve
mutations or transgenes that affect the entire ner-
vous system. One such molecule, calcium/calmod-
ulin-dependent protein kinase II (CaM kinase), has
been shown to be required for learning and

memory of courtship conditioning both through
the use of dominant transgenes and mutations
(Griffith et al. 1993; Joiner and Griffith 1997). This
molecule has also been shown to be important in
plasticity in a variety of other organisms including
mammals (Kelly 1991). The circuitry responsible
for courtship conditioning and the cells in the cir-
cuit that require CaM kinase were unknown.

The present study was undertaken without
any assumptions about the number of different ar-
eas or the actual neurons that may be required for
learning and memory in courtship conditioning. To
define the full circuit, we used the GAL4/UAS sys-
tem to inhibit CaM kinase in a number of areas of
the fly brain and examined the effects of this ma-
nipulation on learning and memory. CaM kinase is
inhibited by expressing the ala-inhibitor peptide
(Griffith et al. 1993, 1994) under control of the
yeast transcription factor GAL4 (Fischer et al. 1988;
Brand and Perrimon 1993). Combining these be-
havioral and anatomical data with the anatomical
data of others relating to the connectivity within
the adult central nervous system, we are able to
propose a circuit for the information flow of the
CaM kinase pathway in this associative learning
task.

Materials and Methods
DROSOPHILA STRAINS

Fly cultures were kept at 25°C with a 12-hr
light/dark cycle on autoclaved cornmeal, yeast, su-
crose, and agar food. The genetic background used
for the behavior experiments was either from Can-
ton-S or the line w’’’$(isoCJ1) a w, Canton-S iso-
genic stock (Yin et al. 1994). In this text, w refers
to this allele. Unless otherwise stated, genotypes
are described in Lindsley and Zimm (1992). The
GAL4/UAS system is described by Brand and Per-
rimon (1993), the UAS line used in this study has
the upstream activator sequences linked to the
ala-inhibitor peptide. The ala-inhibitor peptide is a
synthetic peptide based on the sequence of the
rat aCaM kinase II autoregulatory domain (Griffith
et al. 1993). F, males that were tested in the learn-
ing assay resulted from crossing virgin females,
homozygous for the P[GAL4] insert, to males ho-
mozygous for the UAS-ala insert. F; males that
were sectioned and stained resulted from crossing
virgin females, homozygous for the P[GAL4]
insertion, to males homozygous for the P[UAS-
lacZ] insert, which express cytoplasmic [3-galacto-
sidase or the w'; PlwMc = UAS-GFP SG65T|T2




(Bloomington stock no. 1521) insert, which ex-
presses cytoplasmic green fluorescent protein
(GFP). New P[GAL4] insert lines were generated
by crossing FM7a females with a P[GAL4] insert
on the balancer chromosome to w; MKRS, A2-3/
TM2, A2-3 males. FM7a,P[GAL4];MKRS, A2-3 or
FM7a,P[GAL4];TM2, A2-3 virgin females were
crossed individually to w males. w*, non-FM7a,
nonmottled-eyed progeny, which represented new
stable mobilizations of the P[GAL4] transposon,
were singly crossed to w flies. The Y chromosome
is not indicated for hemizygous males.

SECTIONING AND STAINING

P[GAL4];UAS-lacZ flies were put into a fly col-
lar (Jiager and Fischbach 1987) such that their
heads are aligned and facing the same way. Heads
were frozen in Tissue Tek and 12-mm frontal cryo-
stat sections were loaded on Superfrost Plus slides.
After the tissue is dried onto the slides, it is fixed
[1.5% (wt/vol) glutaraldehyde, 2.0% (wt/vol) form-
aldehyde, 38.0% (wt/vol) sucrose, 1.0% (wt/vol)
CaCl,, 1.0% (wt/vol) gum arabic, 0.05 m cacodylic
acid, adjusted to pH 7.3] for 10 min at room tem-
perature, then washed twice in 1x PBS (0.02 M
sodium phosphate, 0.15 M NaCD for 10 min at
room temperature. The slides are incubated 1 hr or
overnight in the X-Gal staining solutions [8% X-Gal
in DMSO diluted 1/30 in Fe/NaP buffer (pH 7.2):
1.8 ml of 0.2 M Na,HPO,, 0.7 ml of 0.2 M NaH,PO,,
1.5 ml of 5 m NaCl, 50 ml of 1 m MgCl, 3.05 ml of
50 mm K;[Fe(CN)g], 3.05 ml of 50 mm K [Fe(CN)g],
distilled water to 50 ml] at 37°C. After staining, the
slides are rinsed twice for 10 min in distilled water
and mounted (Crystal Mount, Biomeda Corpora-
tion and Permount, Fisher Scientific). Photographs
were taken using Kodachrome T160 slide film us-
ing phase-contrast or Nomarski optics.

Confocal images were done either on a Bio-
Rad Confocal with a BHS filter and collected with
COMOS software or on a Leica Lasertechnik with
an argon laser at 50% using Leica TSC-NT V1.5 soft-
ware. Analyses were performed on a Macintosh
computer using the public domain National Insti-
tutes of Health (NIH) image program (developed at
the NIH and available on the internet at http://
rsb.info.nih.gov/nih-image/). Adult brains were
dissected out in 1x PBS and suspended in 1x PBS
on a microscope slide under a coverslip supported
by two coverslips on either side of the brain, then
examined immediately.
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BEHAVIOR ASSAYS

COURTSHIP-CONDITIONING ASSAY

Singly housed, 5-day-old test males were
placed with 4-day-old females, mated the previous
day, in single-pair-mating chambers (8 mm diam. x
3 mm high) for 1 hr. The first and last 10-min pe-
riods of this conditioning period were videotaped.
Two to five minutes after conditioning, the males
were paired in a clean mating chamber with anes-
thetized virgin females that had been collected that
day. The pairs were videotaped for the 10-min test
period. For each of the 10-min periods, a courtship
index (CI) was measured for each male tested. The
fraction of time a male spent courting (orienting
towards the female and wing flapping are two ob-
servable behaviors) in a 10-min interval, constitutes
the CI. The response to the mated female is calcu-
lated by dividing the final CI (ClI,) by the CI of the
initial 10-min period (CI,,). Because males used for
the test period are not the same as those in the
sham test, memory is measured by dividing the test
CI (CI) with the average (mean) sham test CI
(mCIy). As a control, sham tests are done in which
the males are kept alone in the mating chamber for
the first hour, then paired with anesthetized virgin
females for the 10-min test period. Females used in
this assay were collected from a shi”/Y/C(1)DX, y
w f stock. When kept at 29°C, only C(1)DX, y w f
females emerge from this stock. Experiments were
performed at 25°C and 75% humidity. Unless oth-
erwise indicated, all behavior experiments were
done under red light (two lamps with 25-watt red
photographic light bulbs were placed 20 cm from
the mating wheel). For each genotype #n is indi-
cated and n = 20 for all Cl,,,s. UAS-ala/+ flies
were shown to behave normally in the courtship
conditioning assay (Joiner and Griffith 1997).

DISCRIMINATION TEST

Data from the courtship-conditioning assay is
used for this test. Here we compare CI,, with
Cl;,am to determine whether GAL4/+; UAS-ala/+
males can distinguish between mated and virgin
females, based on the pheromones each set of fe-
males produces (Siegel and Hall 1979; Tompkins et
al. 1983; Gailey et al. 1986).

LOCOMOTOR ACTIVITY ASSAY

Spontaneous locomotor activity was measured
by counting the number of times a fly crosses a line
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drawn across an 8-mm-diam. circular chamber in a
4-min period.

STATISTICS

Data for the courtship-conditioning assay were
analyzed with Wilcoxon’s signed-rank test using
Statview software version 4.5 for the Macintosh. P
values and #n for each experiment are presented in
Table 1. Data are presented as means with levels of
significance indicated by P values: (x) <0.05; (x)
<0.005; and () <0.0005.

Results
COURTSHIP CONDITIONING IN DROSOPHILA

The behavioral paradigm of courtship condi-
tioning (Siegel and Hall 1979; for review, see Hall
1994) has been shown to have characteristics of
associative learning (Tompkins et al. 1983). Mature
male flies have an innate and vigorous response to
virgin female flies. They perform a stereotyped
courtship ritual, which culminates in copulation.
When a male encounters a female who has mated
already, he initially courts vigorously but soon be-
comes uninterested. This depression of courtship
activity lasts several hours. During this time, even if
presented with a virgin female, the male fly is un-
likely to court.

The assay consists of two parts. First, we ex-
pose a test male to a mated female trainer for 1 hr.
During the first and last 10 min of the hour, a CI
(fraction of the 10-min spent in courtship activity)
is measured. A normal male will show a decrement
in courtship activity when CI,,, and CI,, are com-
pared. This decrement is a measure of the change
in behavior toward the mated female that occurs
during the conditioning period and is expressed as
a ratio of Clg,/Cl,,. For wild-type flies, this ratio is
normally =0.5. If the line is defective in the con-
ditioning response, the value will be >0.5 (Joiner
and Griffith 1997). In all experiments, conditioning
scores for P[GAL4)/+;UAS-ala/+ flies, which ex-
press ala in particular regions of the fly brain, were
compared with conditioning scores for P[GAL4]/+
flies that do not express the ala-inhibitory peptide.
When tested as hemizygotes or heterozygotes,
each of the independent P[GAL4] lines we used in
this study has a ratio of Cl,/CI,, <0.5.

During the second part of the assay, the test
male is paired with a virgin female for 10 min. A
courtship index is obtained for this period (CI)
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Figure 1: Response to the mated female during condi-
tioning, and memory for flies with CaM kinase activity
reduced primarily in the mushroom bodies: Males for
the GAL4 lines indicated were trained by exposure to a
female for 1 hr then placed with an anesthetized virgin
female. For sham training, flies of the same genotype
were manipulated identically, except that no female was
present in the chamber during training. All manipula-
tions were performed at 25°C, 75% humidity in dim red
light. (A) Conditioning response was measured by cal-
culating a courtship index (Cl) for the initial (Cl,) and the
Cl final (Cl) 10 min of the conditioning period. Data are
expressed as the ratio of means, Cl/Cl, = s.e.m. Values
>0.5 indicate defects in response to the female during
the conditioning period, with a failure to decrease court-
ship during the training period. (B) Memory was tested
by measuring the Cl for the initial 10 min of exposure to
an anesthetized virgin female after training with a mated
female (Cl) or after sham training (Cly). Data are ex-
pressed as the ratio of Cl,/mean Cl.. Solid bars represent
data for P[GAL4] hemizygotes or heterozygotes; open
bars represent data for P[GAL4] transheterozygous with
UAS-ala. Statistical significance was assessed by Wil-
coxon’s signed-rank test. Data from GAL4/+;UAS-ala/+
males were compared to data from control males of the
genotype GAL4/+ for each line. (x) Significantly different
from the genotype control with level of significance as
indicated: (¥) P<0.05, (xx) P<0.005 and (x*x)
P < 0.0005. P values and n for each group are shown in
Table 1.

and ratioed to the mean of that obtained from
males who have been sham conditioned in a cham-




ber with no mated female (mCI). A normal male
who has been conditioned will not court the vir-
gin, whereas a sham-conditioned male will court
vigorously. Normal males will show a CI/
mC, = 0.5. If the line is defective for memory the
value will be >0.5. In all experiments, P[GAL4]/
+;UAS-ala results were compared with results for
the same P[GAL4]/+ line that does not express the
ala-inhibitory peptide. When tested as hemizygotes
or heterozygotes, each of the independent
P[GAL4] lines we used has a ratio of CI,/mC, < 0.5
with one exception. GH86 has a ratio for the
memory assay >0.5, but this difference is not sta-
tistically significant when the data are compared to
Canton-S (P > 0.6).

CaM KINASE ACTIVITY IS REQUIRED

IN THE MUSHROOM BODIES FOR MEMORY
BUT NOT INITIAL RESPONSE TO THE MATED
FEMALE

‘When ala peptide was expressed in the mush-
room bodies, driven by each of four P[GAL4] in-
sertions (29BD, 30Y, c309, and ¢739), no disrup-
tion in the response to the mated female during
conditioning was seen (P > 0.1; Fig. 1A; Table 1).
In line 201Y, there was a significant disruption of
this response (P < 0.5; Fig. 1A; Table 1). Memory
was disrupted in four of the P[GAL4] lines when
they express UAS-ala (201Y, 29BD, 30Y, c309;
P = 0.05; Fig. 1B; Table 1). Memory is not dis-
rupted significantly in line c739 (P > 0.1; Fig. 1B).
The patterns of expression for each of these five
P[GAL4] inserts as transheterozygotes with UAS-
lacZ show predominant expression in the mush-
room bodies (Fig. 2). Confocal imaging using UAS-
green fluorescent protein (UAS-GFP) was done on
three of the lines (29BD, 201Y, and 30Y) and four
of the lines (201Y, 30Y, c309, and c739) are also
described in further detail elsewhere (Connolly et
al. 1996; Yang et al. 1995; see http://flybrain.org).
Confocal reconstruction shows that 29BD ex-
presses in most of the mushroom body cells, spe-
cifically in the core of the a- and (-lobes and
throughout the +vy-lobes. Neurons connecting the
B-lobes, cells in the dorsal-lateral subesophageal
ganglion, and a group of cells in the medial-lateral
protocerebrum show GFP expression (Fig. 2A,B).
Mushroom body expression is much the same in
30Y as in 29BD, including the connections be-
tween the B-lobes, except that 30Y expresses
more heavily throughout each of the lobes and in
extrinsic cells surrounding the mushroom bodies

MAPPING a CaM KINASE-DEPENDENT CIRCUIT

Table 1: P values for Wilcoxon’s nonparametric
rank sums tests

Statistical data for the courtship
conditioning assay

mated female
effect (n for

memory of
mated femalex

GAL4/+, n (n for shams of
PIGAL4] for GAL4/+; GAL4/+, GAL4/+;
line UAS-ala/+) UAS-ala/+)
Mushroom body P[GAL4] lines
29BD 0.3942 (21, 20) 0.0137 (20, 22)
201Y 0.0299 (22, 33) 0.0208 (26, 29)
30Y 0.5862 (23, 28) 0.0013 (32, 21)
c309 0.9721 (20, 23) 0.0100 (20, 24)
c739 0.4328 (24, 21) 0.1119 (30, 24)
Central complex P[GAL4] lines
c232 0.3139 (24, 24) 0.9826 (25, 21)
MJ126a 0.7971 (27, 26) <0.0001 (20, 22)
OK348 0.6378 (20, 23) 0.0479 (25, 24)
J183 0.7174 (21, 20) 0.0019 (26, 34)
Lateral protocerebrum P[GAL4] lines
MJ146 0.0200 (20, 25) 0.1165 (25, 23)
M)286¢ 0.3824 (20, 20) 0.0008 (22, 21)
MJ63 0.9594 (22, 21) 0.0002 (24, 20)
Antennal lobe P[GAL4] lines
MJ94 0.0129 (31, 22) 0.1240 (21, 20)
GH86 0.7782 (24, 30) 0.9353 (30, 31)

Mushroom body and antennal lobe PIGAL4] lines

MJ250 0.6949 (20, 26) 0.0003 (23, 20)
MJ270 0.0057 (20, 23%x) 0.0019 (23, 22)
MJ162a  0.0052 (21, 23) 0.0836 (23, 21)
40B 0.3458 (24, 20) 0.3037 (20, 24)

Statistical data for the
discrimination test

discrimination (n for
mated female, n for virgin female)

201Y 0.0013 (33, 29)
MJ146 0.0045 (25, 23)
MJ94 0.2111 (22, 20)
MJ270 0.2989 (23, 22)
MJ162a 0.0015 (23, 21)

(¥) n values for the memory test are the same as for the
test of the mated female effect.

(¥+) One of the test males was lost during the transfer;
therefore, n = 22 for the memory test.
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Figure 2: Adult brain expression patterns of mushroom
body P[GAL4] lines. (A-D) Confocal reconstruction of
P[GALA4] transheterozygous with UAS-GFP. (E,F) B-Gal
staining of P[GAL4] transheterozygous with UAS—lacZ.
Dorsal is up in all images. (A) 20 x 3.06-pm sections of
29BD show expression in all the mushroom body (mb)
lobes. Scattered cells show GAL4 expression in the optic
lobes (ol) and lateral protocerebrum (Ip) and light gen-
eral staining in the antennal lobes (al). (B) 3 x 3.06-pm
sections of mushroom bodies of 29BD show staining is
restricted to the core of the lobes indicated. Arrow indi-
cates the spherical connecting neurons between the
v-lobes. (C) 10 x 2.34-pm sections of 30Y indicate a
high level of expression throughout all the mushroom
body lobes with individual neurons surrounding the
mushroom bodies. Connecting neurons between the
v-lobes express GAL4 in this line are not shown here.
(D) 9 x3.60-pm sections of 201Y show expression in the
a-, B-, and y-lobes and spur (s). (Top large arrowhead)
Cell bodies of pars intercerebralis (pi); (bottom large ar-
rowhead) axons of the pars intercerebralis forming the
median bundle. Small arrowheads point to large neural
cell bodies. (E) 12-pm frontal cryostat section of c309.
B-Gal staining throughout mushroom body lobes and
spur (not shown) with general light staining throughout
the central CNS. (F) ¢739 frontal cryostat section (12
pm). B-Gal staining restricted to the a- and B-lobes of
the mushroom bodies with some antennal lobe staining.
Scale bar, 50 pm for A and D; 20 pm for Band C; 30 ym
for E and F.

(Fig. 20). Line 201Y shows specific expression in
the core of the a- and B-lobes and throughout the
v-lobes of the mushroom bodies and, uniquely, sev-
eral cells of the lateral protocerebrum and sub-

esophageal ganglion (Fig. 2D; Yang et al. 1995).
c309 shows expression throughout the mushroom
bodies; confocal reconstruction describes weak ex-
pression in the core of the a- and B-lobes (Yang et
al. 1995; Connolly et al. 1996) and light staining
throughout the central nervous system (Fig. 2E).
c739 limits expression to the a- and B-lobes and
faint staining in the antennal glomeruli and lateral
protocerebrum (Fig. 2F). These lines suggest that
the entire mushroom body may contribute to nor-
mal memory formation, although the +y-lobe may
be most important. When ala is expressed exten-
sively throughout the mushroom bodies or prima-
rily in the vy-lobe, we see more severe memory
defects than when ala is expressed primarily in the
a- and B-lobes (Fig. 1; ¢739).

SELECTED AREAS OF THE CENTRAL COMPLEX
REQUIRE CaM KINASE FOR MEMORY,
BUT NOT CONDITIONING

When CaM kinase activity is disrupted in se-
lected areas of the central complex by each of four
P[GAL4] insertions (c232, MJ126a, OK348, and
J183), the conditioning phase of the courtship-con-
ditioning assay is not affected (P > 0.3 for all four
lines when each is compared to the results for ani-
mals with the P[GAL4] insert alone; Fig. 3A; Table
1). Memory, however, is disrupted in three of these
lines when ala is expressed (MJ126a, OK348, and
J183; P < 0.05; Fig. 3B; Table 1). Expression of ala
under control of ¢232 does not affect memory
(P > 0.9; Fig. 3B; Table 1). Predominant expression
in each of these lines occurs in either the ellipsoid
body or the fan-shaped body (Fig. 4). c232 expres-
sion is isolated to the ellipsoid body (Fig. 4B).
MJ126a expresses in the ellipsoid body, pars inter-
cerebralis, and a few lateral cells (Fig. 4A). When
rotated, both the pars intercerebralis and ellipsoid
body appear bistratified (data not shown). Multiple
strata are not seen in the confocal reconstruction
of line ¢232, which may indicate that it represents
an unstratified element of the ellipsoid body that is
not required for learning or memory (Connolly
1996; see http://flybrain.org; Fig. 3B). Another
possibility is that the number of neurons express-
ing ala in this line is insufficient to cause a memory
deficit. OK348 strongly expresses in the fan-
shaped body and a few scattered cells in the lateral
protocerebrum (Fig. 4C). J183 expresses in a sub-
set of the fan-shaped body, possibly in the superior
arch (Hanesch et al. 1989; Fig. 4D-G). P[GAL4]
lines that express in the central complex tend to be
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Figure 3: Response to the mated female during condi-
tioning, and memory for flies with CaM kinase activity
primarily reduced in the central complex. Solid bars rep-
resent data for PIGAL4] hemizygotes or heterozygotes;
open bars represent data for Pl[GAL4] transheterozygous
with UAS-ala. (See Fig. 1 legend for details.)

limited to the subparts of this structure, with little
staining elsewhere in the brain, compared to mush-
room body-expressing lines that show less speci-
ficity for the mushroom bodies. Unlike the mush-
room bodies, not all of the central complex ap-
pears to be used for memory; only subparts of the
ellipsoid body and fan-shaped body are required.

EITHER CONDITIONING OR MEMORY
IS DISRUPTED WHEN CaM KINASE ACTIVITY
IN THE LATERAL PROTOCEREBRUM IS DECREASED

Memory is disrupted severely when CaM ki-
nase activity is reduced by two different inserts
expressing ala in the lateral protocerebrum
(MJ286¢ and MJ63, P < 0.005; Fig. 5B; Table 1). In
only one line was the response to the mated female
during the conditioning period affected (MJ146,
P < 0.05; Fig. 5A). This line has no statistically sig-
nificant memory phenotype (P > 0.1; Fig. 5B).

MJ146 expression is limited to the pars inter-
cerebralis, a small subset of a- and 3-lobe mush-
room body neurons, a group of about five cells in
the lateral protocerebrum and a few cells in the
antennal lobes (Fig. 6A). Dendritic trees of the me-
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dian bundle can be observed around the pars in-
tercerebralis, within the antennal lobes and in the
dorsal subesophageal ganglion. The expression
pattern of the median bundle for this line therefore
consists of both ascending and descending axons.
‘When rotated, the median bundle appears bistrati-
fied (data not shown). MJ286¢ expresses in neu-
rons ventromedial to the lateral horn, commissures
that link the two lateral protocerebra, commissures
in the anterior region, and the commissure that
links the two antennal lobes (Fig. 6B). MJ63 ex-
presses in a select group of cells including some of
the pars intercerebralis and two connected lateral
groups of cells (Fig. 6C,D). This P[GAL4] insert
expresses in very few cells in the adult brain and
yet had a significant effect on memory when tran-
sheterozygous with UAS-ala.

Two P[GAL4] lines (MJ286¢ and MJ63) with
expression in different subsets of lateral protoce-

/ o “
Y

- ,ﬂ. -1 /

L ey |

. = 7
S ;
. ,
e -

Figure 4: Adult brain expression patterns of central
complex P[GAL4] lines. (A) Confocal reconstruction of
P[GAL4] transheterozygous with UAS-GFP. (B-G) B-Gal
staining of P[GAL4] lines transheterozygous with UAS-
lacZ. Dorsal is up for all images. (A) 25 x 3.06-pm sec-
tions of MJ126a show expression in ring neurons of the
ellipsoid body (eb), medial bundle (arrow), and some
scattered cells in the optic lobe. (B) c232 frontal cryostat
section (12 pm) shows predominant B-Gal staining in
the ellipsoid body. (C) OK348 frontal cryostat section
(12 ym) shows predominant B-Gal staining in the fan-
shaped body (fb). (D-G) Four anterior to posterior, 12
pm frontal cryostat sections of J183 showing predomi-
nant B-Gal staining in the central brain. Scale bar, 50 pm
for A; 30 pm for B and C, 100 ym for D-G.
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Figure 5: Response to the mated female during condi-
tioning, and memory for flies with CaM kinase activity
primarily reduced in the lateral protocerebrum. Solid
bars represent data for Pl[GAL4] hemizygotes or hetero-
zygotes; open bars represent data for PlJGAL4] transhet-
erozygous with UAS-ala. (See Fig. 1 legend for details.)

rebrum cells both have some effect on memory.
The median bundle contains descending axons
that project from cell bodies of the pars intercere-
bralis to the subesophageal ganglion. The pars in-
tercerebralis and median bundle are labeled in two
other lines that have no memory defect (40B and
MJ162a). Interestingly, 11 of the 13 P[GAL4] in-
serts with strong memory defects show expression
in this group of neurons (OK348 and J183 do not
express in these cells) and therefore this commis-
sure cannot be ruled out as having a role in infor-
mation processing for memory.

INHIBITING CaM KINASE IN THE ANTENNAL LOBES
AFFECTS CONDITIONING

In two lines tested, expression of ala is re-
stricted to the antennal lobes (MJ94 and GHS86).
Conditioning is affected (P < 0.05; Fig. 7A; Table 1)
but not memory (P > 0.1) for Mj94;UAS-ala/+ ani-
mals. Both conditioning and memory are intact for
GH86;UAS-ala/+ animals (P> 0.7; Fig. 7A,B;
Table 1). The expression pattern for these two
P[GAL4] inserts is very similar; both stain fairly
specifically in antennal lobe neurons of the central
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nervous system (Fig. 8; Heimbeck et al. 1999). The
expression pattern of the two inserts may overlap
in some neurons of the antennal lobes, but it ap-
pears that they express in a different set of anten-
nal glomeruli (Fig. 8, cf. A and B). The antennal
nerve is composed of two types of axons and
projects dorsally after entering the head from the
anteriorally located antenna. One type of axon that
carries chemosensory information arborizes and
projects dorsally to the antennal lobes in the front
of the head. The second set of motor and mecha-
nosensory neurons continues ventrolaterally form-
ing a loose set of glomeruli (Power 1946; Tissot
et al. 1997). Axons carrying chemosensory cues
project from sensilla basiconica on both the third
antennal segment and the maxillary palps to three
glomeruli of the antennal lobes (Singh and Nayak
1985). The maxillary palps express GFP in
MJ94;UAS-GFP/+ flies, whereas GH86 does not
express in these sensory structures (Heimbeck et
al. 1999).

Figure 6: Adult brain expression patterns of lateral pro-
tocerebral PIGAL4] lines. (A-D) Confocal reconstruction
of P[GAL4] transheterozygous with UAS-GFP. Dorsal is
up in all images. (A) 30 x 3.24-pm sections of MJ146
show expression in a set of paired lateral cells (white
arrows), cell bodies of the median bundle and processes
branching at two points (black arrowheads) and a nar-
row core of a- and B-lobes of the mushroom bodies
(large white arrow). (B) 25 x 3.06-um sections of M)286
show prominent expression ventral (small white arrow-
head) to the lateral horn (I ho) and calyx (c), and in three
paired sets of cells in the anterior brain (bracket) extend-
ing processes laterally. (C,D) 6 x 2.7-um sections of
MJ63 C are posterior to D. (C) Expression in the median
bundle cell bodies (arrow), terminating in the ventral
brain (white arrowhead) and extrinsic projections to the
median bundle (black arrowhead). D shows expression
in two commissures that traverse the central brain (black
arrows) and terminate in the lateral protocerebrum
(small white arrowheads). Scale bar = 50 pm.
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In MJ94 we observed a wider array of neurons
expressing the reporter gene when UAS-GFP was
used rather than UAS-lacZ. For instance, with GFP
expression a faint set of mushroom body neurons
were observed that was not seen with lacZ as the
reporter, even after overnight staining of the head
sections in the (3-Gal buffer (Fig. 8B,C). GFP may be
better able to mark neurons with minimal GAL4
expression. This result has two implications. First,
as the low level of mushroom body expression in
MJ94 was not sufficient to cause memory defects,
this suggests that there are dosage thresholds for
the actions of the ala peptide. Second, the lacZ
patterns should be taken as minimal expression
patterns, as the detection of GFP appears to be
more sensitive in some cases. It is worth noting,
however, that no changes in expression pattern
were observed for 11 other lines (201Y, 29BD,
30Y, 40B, MJ126a, MJ146, MJ162a, MJ250, MJ270,
MJ286¢, and MJ63) in which both lacZ and GFP
expression were used to describe the P[GAL4]
lines. lacZ expression patterns of 7 of the 18 lines
used in this study (201Y, 30Y, c309, c232, c739,
GHS86, and OK348) have also been published pre-
viously (Yang et al. 1995; Connolly et al. 1996). In
general, the lacZ pattern is likely to give the re-
gions of highest expression for a particular GAL4
line. For the lines with identical /acZ and GFP pat-
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Figure 7: Response to the mated female during
conditioning, and memory for flies with CaM ki-
nase activity primarily reduced in the antennal
lobes. Solid bars represent data for PLTGAL4] hemi-
zygotes or heterozygotes; open bars represent data
for PIGAL4] transheterozygous with UAS-ala.
(A,O) Data for the response to the mated female;
(B,D) data from the memory test. (See Fig. 1 legend
for details.)

Figure 8: Adult brain expression patterns of antennal
lobe P[GAL4] lines. (A,B) B-Gal staining of P[GAL4]
lines transheterozygous with UAS—lacZ. (C) Confocal re-
construction P[GAL4] transheterozygous with UAS-
GFP. Dorsal is up in all images. (A) Frontal cryostat sec-
tion (12 pm) of GH86 shows predominant B-Gal staining
in parts of the antennal lobe (al). (B) Frontal cryostat
section (12 pm) of MJ94, at approximately the same
level as A, shows predominant B-Gal staining in parts of
the antennal lobe, different from GH86 staining. (C) Sec-
tions of MJ94 (10 x 2.23 pm) show B-Gal expression in
the antennal lobe, antennal nerve (an) and sensory pro-
jections from the subesophageal ganglion (white arrow-
head). Light staining is seen in the B-lobes in this view.
Scale bar, 50 pm. (oe) Esophagus.
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terns there may simply not be a population of cells
with very low GAL4 expression. The properties of
the protein expressed under GAL4 control are
therefore relevant to the final expression pattern of
that protein. The ala peptide is very unstable in
vivo (Griffith et al. 1993) and levels of peptide suf-
ficient to inhibit CaM kinase are likely only be at-
tained in the cells expressing the highest levels of
GALA4.

INHIBITION OF CaM KINASE IN BOTH ANTENNAL
LOBES AND MUSHROOM BODIES AFFECTS
CONDITIONING AND MEMORY

Inhibition of CaM kinase concurrently in the
mushroom bodies and the antennal lobes using
four P[GAL4] lines produced both conditioning
and memory defects. When ala was expressed in
the antennal lobes under control of the P[GAL4]
lines MJ270 and MJ162a, conditioning was affected
(P > 0.05; Fig. 7C; Table 1). Lines 40B and MJ250
produced statistically insignificant effects on con-
ditioning (Table 1). Memory was severely affected
by expression of ala under control of MJ250 and
MJ270 (P < 0.005; Fig. 7D; Table 1). The memory
effects of lines MJ162a and 40B were not statisti-
cally significant.

MJ270 expresses in the o-, B-, and y-lobes of
the mushroom bodies, heavily in the pars interce-
rebralis, and in both mechanosensory and chemo-
sensory antennal lobes. When the GFP expression

Figure 9: Adult brain expression patterns
of antennal lobe and mushroom body
PIGALA4] lines. (A-F) Confocal reconstruc-
tion of P[GAL4] transheterozygous with
UAS-GFP. Dorsal is up in all images. (A)
21 x 2.05-pm sections of MJ270 shows GFP
expression in both the mushroom bodies
and antennal lobe (al). Arrow indicates an
antennocerebral tract. (B) Mushroom body
sections (30 x 1.98 pm) show expression of
MJ270 is limited to the a- and B-lobes. Ar-
row indicates strong expression in some of
the pars intercerebralis cell bodies. (C)

of MJ270 is rotated, two layers of the mushroom
bodies and pars intercerebralis are detected (data
not shown). MJ162a is expressed in a subset of
mushroom body and pars intercerebralis neurons,
in ventral antennal lobes neurons, and in some neu-
rons that connect the antennal lobes to the calyces
(Fig. 9E,F). GAL4 is expressed in the maxillary
palps of this line (data not shown). 40B expresses
in the B-lobe and a different subset of medial an-
tennal glomeruli than MJ162a (Fig. 9, cf. C and E).
The pars intercerebralis is stained heavily in 40B
and some staining is observed in the lamina of the
optic lobes (Fig. 9C). MJ250 is expressed in o-, 3-,
and vy-lobes of the mushroom bodies, calyces, in
the ventral subesophageal ganglion and in the lat-
eroposterior antennal mechanosensory and motor
center lateral set of antennal glomeruli (Fig. 9D).
Data from these lines that express both in the
mushroom body and antennal lobes support the
results obtained with P[GAL4] lines that express
either in the mushroom bodies or the antennal
lobes. Expression of ala in the chemosensory an-
tennal lobes, and not the mechanosensory lobes,
affects the response to the mated female during the
conditioning period and the <vy-lobe mushroom
body expression of ala in these lines correlates
with the memory defect.

LOCOMOTION AND CHEMOSENSORY ACUITY
ARE UNAFFECTED BY INHIBITION OF CaM KINASE

The progeny of each of the P[GAL4] lines

40B sections (25 x 3.06 pm) show weak expression in the mushroom bodies and pars intercerebralis and strong expression
in the ventral antennal lobes (arrow). (D) MJ250 sections (25 x 3.06). This posterior view shows expression in the calyx
(white arrowhead), pars intercerebralis (black arrowhead) and lateroposterior antennal mechanosensory and motor center
(arrow). (E) MJ162 sections (25 x 3.06 pm) show expression in the mushroom bodies, pars intercerebralis and ventral
antennal lobe (arrow). (F) MJ162a sections (15 x 1.98 pym) show weak expression within the a-, 8-, and y-lobes of the
mushroom bodies. A neural tract originating from the antennal lobe extends processes dorsally to the mushroom bodies
(arrow) that terminates near the anterior-medial calyces (arrowhead). Scale bar, 50 um for A, C, D, and E; 20 pm for B

and F.
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crossed to UAS-ala flies were tested for locomo-
tion in the courtship-assay chambers. None of the
genotypes tested showed a significant difference in
locomotion in the line-crossing test when com-
pared to wild-type Canton-S flies (P > 0.01, Dun-
nett’s test with Canton-S as the control, Table 2).
To account for the possibility of fatigue over the
hour conditioning period, 29BD/+;UAS-ala/+
flies were tested for locomotion after being with
mated females for 1 hr. MJ85b, a line that ex-
presses throughout the brain (Joiner and Griffith
1997), was also tested. Again, no significant differ-
ence was observed for locomotion of 29BD or
MJ85b flies before or after conditioning (P > 0.01,
Dunnett’s test with Canton-S as the control, Ta-
ble 2).

Table 2: Locomotor activity

Line
Genotype crossing
Canton-S wild type 1M6+7
201Y/+; UAS-ala/+ 135+7
30Y/+; UAS-ala/+ 108 + 11
c309/+; UAS-ala/+ 137 £ 22
c739/+; UAS-ala/+ 90 + 4
c232/+; UAS-ala/+ 112 +£10
MJ126a/+; UAS-ala/+ 130 + 6
OK348/+; UAS-ala/+ 151 =16
J183; UAS-ala/+ 113+9
MJ94; UAS-ala/+ 148 + 16
GH86; UAS-ala/+ 103 +9
MJ250; UAS-ala/+ 113+3
MJ270; UAS-ala/+ 115+7
MJ162a/+; UAS-ala/+ 119 +7
40B/+; UAS-ala/+ 129 =5
MJ146; UAS-ala/+ 107 =11
MJ286¢/+; UAS-ala/+ 99 + 7
MJ63/+; UAS-ala/+ 138 +8
29BD/+; UAS-ala/+ 127 + 8
29BD/+; UAS-ala/+ after 1 hr 106 + 6
MJ85b 99 +9
MJ85b after 1 hr 87 +6
MJ85b; UAS-ala/+ 1305
MJ85b; UAS-ala/+ after 1 hr 89 +9

Locomotor activity was measured by counting sponta-
neous line crossings in the courtship conditioning cham-
ber for 4 min. For lines 29BD and MJ85b, locomotor
activity of males that had been paired with a fertilized
female for 1 hr was also measured. MJ85b expresses
throughout the fly brain (Joiner and Griffith 1997). Assay
was performed in dim red light; n = 10 for all genotypes.
Data are presented as mean = s.E.M.
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Figure 10: Ability of experience-dependent courtship
conditioning deficient flies expressing ala with P{GAL4]
inserts indicated, to show discrimination. CI index for
the initial 10 minutes with a mated female (black bars)
and with a virgin female (open bars) for males with the
indicated P[GAL4] insert expressing the ala-inhibitor
peptide. Statistical significance was assessed by Wilcox-
on’s signed-rank test. (+) Significantly different from the
genotype control with level of significance as indicated:
(¥) P<0.05; (+) P<0.005; (¥++) P < 0.0005.

In animals expressing the ala-inhibitory pep-
tide under control of the heat-shock-70 promoter,
no chemosensory defects were detected using a
food trap assay (Griffith et al. 1993). This test of
olfaction, however, does not indicate if the flies
can sense pheromones. Analysis of the initial re-
sponse of these males to virgin females indicates
that are all competent to sense the attractive
pheromones as each of the P[GAL4] lines express-
ing ala performs normal initial courtship, a behav-
ior that depends on sensing attractive phero-
mones. To test whether the aversive pheromone
was being sensed, we compared initial levels of
courtship of mated and virgin females for all the
lines that showed a defect in modification of the
response to the mated female. Initial courtship val-
ues of these lines with virgin females were not
significantly different from Canton-S (P> 0.08),
with the exception of MJ94 and MJ270 (P < 0.005),
which have a high level of initial courtship. Three
of the five genotypes that showed abnormal results
in the first part of the courtship conditioning test
also show ability to discriminate between fertilized
and virgin females (Fig. 10). This would be ex-
pected if the male were sensing both the stimula-
tory and aversive pheromones (Siegel and Hall
1979; Tompkins et al. 1983; Gailey et al. 1986). It
is possible that MJ270 and MJ94 flies, which do not
show discrimination when expressing ala may not
be able to show courtship modification by mated
females because they cannot sense the aversive
pheromone (Fig. 10). As the assay was done in red
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light and the female is anesthetized, the behavior
of the female is moot and the male is simply re-
sponding to olfactory and tactile cues. These data
suggest that two of the lines tested are potentially
insensitive to the pheromones pertinent to the
courtship assay. The ability of three of the lines to
clearly sense the aversive pheromone supports the
idea that defects in the modification of behavior
toward the mated female in this assay can also re-
sult from a deficiency in neural plasticity rather
than sensory perception.

Discussion
NEURAL PLASTICITY MAPPING

We have mapped the anatomical location of
CaM kinase-requiring neurons that are used for
courtship conditioning using a total of 18 different
P[GAL4] lines. In some of the lines we use, the
expression pattern of GAL4 appears to be isolated
within a single neural structure. In other lines, ex-
pression is predominantly localized to one or two
structures with less intensive expression in other
parts of the neuropil. By using, for example, five
lines that predominantly express in the mushroom
bodies we can rule out other areas of nonoverlap-
ping expression between the P[GAL4] lines as hav-
ing a role in the observed phenotypes. We can also
control for developmental effects using this ap-
proach, as the early temporal and spatial patterns
of expression of independent lines are different.
The use of multiple lines has also allowed us to
determine that there are thresholds of inhibition
below which we see few effects, e.g., with the low
level of MJ94 mushroom body expression.

These experiments suggest that behavior dur-
ing the conditioning period is determined by infor-
mation processing at early synapses in the circuit
in the antennal lobes. The main antennal lobes con-
sist of primary sensory neurons that project from
the olfactory and gustatory sense organs, as well as
second-order intrinsic neurons. Cooling experi-
ments in the honey bee have shown that initial
processing of external stimuli occurs in the anten-
nal glomeruli (Hammer 1997). This study shows
that incoming information is processed in the first-
and second-order neurons of the antennal nerve
and lobes and neurons from the maxillary palps.
This processing is required to modulate behavior
toward the mated female during conditioning.

Memory formation and modification of behav-
ior toward subsequently presented females is de-
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termined by information processing deeper in the
brain at higher-order synapses. Direct connections
from the antennal nerve to the lateral protocere-
brum have been described (Power 1946; Stocker et
al. 1983) and P[GAL4] inserts (MJ146 and MJ286¢)
expressing ala in the lateral protocerebrum show
that second- or third-order processing of this infor-
mation occurs here. Memory is formed beyond the
initial sensory processing centers in the brain at a
number of different sites including the mushroom
bodies, central complex, and lateral protocere-
brum.

THE COURTSHIP CONDITIONING CIRCUIT

The environmental inputs that drive this be-
havior in the absence of visual input are largely
chemosensory (Joiner and Griffith 1997). The neu-
ronal circuit begins with chemosensory inputs
(Power 1946; Singh and Nayak 1985; Stocker and
Gendre 1989), which send their processes to the
antennal lobes where local inhibitory neurons and
projection neurons interact (Fig. 11; Stocker et al.
1983). Of the two tracts from the antenna, mecha-
nosensory and chemosensory, only a subset of the
chemosensory input is used in this behavior. From
select antennal glomeruli and directly from the an-
tennal nerve, information is transferred to both the
lateral protocerebrum and calyces of the mush-
room bodies via unilateral connectives (Power
1946; Stocker et al. 1997). Although the antennal
nerve sends projections to both the lateral proto-
cerebrum and indirectly to the central complex
(Power 1946), our results imply that processing of
conditioning only occurs in the lateral protocere-
brum.

The mushroom bodies are used exclusively for
memory in CaM kinase-dependent courtship con-
ditioning and send projections to the lateral proto-
cerebrum (Ito et al. 1998). This is underscored by
the results of the line 201Y, the only mushroom
body line that shows a defect in response to the
mated female. The most striking difference be-
tween the pattern of expression for 201Y and the
other four mushroom-body expressing P[GAL4]
lines are two pairs of cells, one in the lateral ventral
protocerebrum and the other in the lateral dorsal
region. The ventral pair resemble cellular expres-
sion of MJ146 (Fig. 6A) and the dorsal pair re-
semble those of MJ162a (Fig. 9E). Both of these
lines are defective for modulation of the response
to the mated female.

Unlike the lateral protocerebrum, the central
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Figure 11: Schematic of courtship condi-
tioning information flow based on court-

ship conditioning results of 18 P[GAL4] in-
sert lines and anatomical data of the fly

ib

brain. (A) Sensory input (aphrodisiacs) for
the courtship conditioning assay through
the third (/) antennal segment and (ii) max-
illary palps (antiaphrodisiacs). (B) The an-
tennal nerve and maxillary nerve carry
sensory information (7a and 7b) to the
same set of antennal glomeruli and (2) the
P lateral protocerebrum. (C,D) Modification
of the males behavior to the mated female
during conditioning occurs in the antennal

glomeruli and lateral protocerebrum. (E) Information about (4) courting and (3,4) olfactory cues are assembled in the
mushroom bodies. Olfactory information is primarily sent from a subset of the (3) antennal glomeruli to the lateral horn
and calyces of the mushroom bodies. Extrinsic (4) mushroom body neurons synapse onto the mushroom body pedunculi
and lobes. (F) Further processing of stimuli and output directives occur in the (5) lateral protocerebrum and (6) central
complex. Letters represent neural structures and numbers represent connections between groups of neuropil. Information
about appropriate behavior is sent to the (7) thoracic ganglia. () Time; ([]) concentration.

complex, a neuropil involved in behavior output
(Bouhouche et al. 1993; Strauss and Heisenberg
1993) is used solely for memory. Although no
prominent neural tracts project directly to the cen-
tral complex, it receives inputs from most areas of
the brain, including the antennal nerve, the lateral
protocerebrum, and the optic lobes, but not the
mushroom bodies (Power 1946; Hanesch et al.
1989; Ito et al. 1998; see http://flybrain.
org). The central complex is also known to be in-
volved with motor output programs (Strauss and
Heisenberg 1993), and it is possible that inhibition
of CaM kinase in this structure could impair output
pathways. A strong argument against this is that
global inhibition of CaM kinase has been shown to
affect memory formation but not retrieval. In addi-
tion, we show that there are no gross motor de-
fects induced by CaM kinase inhibition; in fact fail-
ure to remember is associated with an increase in
courtship behavior. These results would argue that
the memory problems we document here are
caused by impairment of formation, not retrieval.

These experiments also demonstrate a differ-
ence between courtship conditioning and classical
conditioning of odor avoidance in the circuitry
and/or biochemistry underlying learning. Expres-
sion of activated Ga, in the mushroom bodies, but
not in the central complex, using a subset of the
lines used in this study, disrupted learning of odor
avoidance (Connolly et al. 1996). Memory was not
tested in this study. In particular, OK348, which
expresses in the fan-shaped body disrupts memory
formation in the courtship-conditioning assay, but

not learning in the odor avoidance assay. c232,
which expresses in the ellipsoid body, does not
affect either behavior. An additional difference is
that the relative magnitudes of disruption caused
by mushroom body expression varies between
studies. 201Y, for example, was the least disruptive
for classical conditioning, but the most disruptive
for courtship conditioning.

This biochemically defined circuit is not the
equivalent of a connectivity circuit as defined elec-
trophysiologically. The genetic manipulation of sig-
nal transduction pathways in discrete areas of the
brain that are known to be connected directly or
indirectly gives us insight into the flow of informa-
tion, but cannot rule out parallel pathways.

COURTSHIP CONDITIONING PRODUCES TWO
INDEPENDENT BEHAVIORS

The courtship-conditioning assay is divided
into two distinct parts. The first is the training pe-
riod during which the male is in contact with a
mated female. The male normally modifies his be-
havior toward the trainer female during this pe-
riod. The second part is the test period in which
the male is presented with a virgin female. His re-
sponse to this female is a measure of his memory of
associations made during the training period. Pre-
vious studies have demonstrated that an associa-
tion between attractive and aversive cues and
courtship is required for the male to show intact
memory in the test period. In flies in which CaM
kinase activity is blocked in the mushroom bodies
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or parts of the central complex we observe a
memory defect with no change in the male’s modi-
fication of his behavior during the training period.
In other recent studies (Joiner and Griffith 1997;
Kane et al. 1997) the decrement in courtship
shown by wild-type males during the conditioning
hour has been shown to be distinct from, and not
necessary for, associative memory formation as as-
sayed during the test period. One conclusion that
can be drawn from these studies is that these two
behaviors are not interdependent. This idea is sup-
ported strongly by the anatomical separation of
these two responses demonstrated in this study.
The decrement in courtship of the mated female is
dependent upon intact CaM kinase in antennal
lobes, whereas memory formation is dependent
upon other brain structures. It is possible that this
initial response to the mated female may even rep-
resent a form of nonassociative learning. The neu-
ral network model proposed by Joiner and Griffith
(1997), however, accounts for the differences be-
tween the phases of the assay in a more integrative
way than by simply assigning nonassociative or as-
sociative labels to the behaviors.
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